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It has been found (1)  that suspensions of elementary bodies of vaccinia 
studied by electrophoresis in the Tiselins apparatus yield moving boundaries 
which differ  from  those usually  observed.  Unlike  solutions of  ordinary 
proteins or of two of the plant virus proteins (tobacco mosaic (2) and bushy 
stunt (3)) which on electrolysis display boundaries that remain quite sharp 
and fiat, suspensions of the elementary bodies of vaccinia show distortions 
in the form of a  stream of the particles moving ahead from the center of 
the boundaries in the direction of the electric current.  Thus, one observes 
a stream of the suspended material rising in the center of one leg of the cell 
and a  corresponding stream of the solvent descending in the center of the 
other leg.  Reversal of the current results in the reversal of these effects. 
Because  of the  asymmetric nature  of this  boundary disturbance,  simple 
convection arising from the electrical heat generated cannot account for 
the phenomenon.  McFarlane (1) attributed the effect to endosmosis. 
It will be shown by data presented in this paper that the type of bounda- 
ries observed with vaccine virus can be obtained also with particles of a 
similar size but of an entirely different nature.  Furthermore, the mobility 
of such boundaries in a given medium depends principally on the nature of 
the surface of the particles, a  fact which has long been known to workers 
using the microscopic electrophoretic method in which the motion of a single 
particle  is  studied  (4).  In  addition,  the  boundary distortions  obtained 
with suspensions of particles will be shown to be artifacts in that they do 
not result from any characteristic property of the particles themselves but 
rather  from the  absence  of density gradients  of  sufficient magnitude at 
the boundary. 
Materials and Methods 
Elementary  Bodies  of Vaccinia.--Elementary  bodies of vaccinia were prepared ac- 
cording to the method of Craigie (5) which has recently been redescribed at length (6). 
40 ce. of a stock suspension of virus obtained from one rabbit contained about 8 rag. of 
dry material (7); thus, the concentration was approximately 0.2 mg. per cc. or 0.2 per 
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cent.  A  number  of  experiments were  carried out  with  stock  suspensions  of  virus. 
In  addition, experiments were  made with  more  concentrated suspensions,  ones  con- 
taining 0.5 to 5 per cent of virus; these were obtained by concentrating stock suspensions 
of elementary bodies in the angle centrifuge, or by resuspending dried or dried, ether- 
extracted preparations of virus, a  portion of which had been used in previous experi- 
ments  (6).  The  electrophoretic studies  were  carried out  on  suspensions  in  lithium 
veronal (diethyl barbiturate) buffer solution at pH 7.9 with a  total salt concentration 
of 0.01  molar.  The elementary bodies were removed from the regular storage fluid, a 
diluted citrophosphate buffer at pH 7.2,  by centrifugation and were then resuspended 
in  the  veronal buffer solution. 
Collodion Particles.--Suspensions  of collodion particles were prepared by a  method 
similar to Cannon and Marshall's (8) modification of Loeb's original technique.  Crude 
suspensions  of  acetone-free collodion particles were  concentrated  10-  to  20-fold  by 
evaporation of fluid through a cellophane sausage casing suspended in a  stream of air. 
The  collodion particles were  then  carefully graded by  a  process of differential cen- 
trifugation  identical with  that  employed for  the  purification of  elementary bodies. 
Lithium veronal buffer solution, 0.0002 x~ at pH 7.8,  was employed as a  washing and 
storage fluid.  Stock suspensions of graded particles having approximately the same 
sedimenting properties as those of elementary bodies were stable for weeks when stored 
in the cold.  When needed, the particles were thrown down from an appropriate volume 
of suspension by angle centrifugation and were resuspended in 0.01  M lithium veronal 
buffer solution at pH 7.8-7.9. 
In  the  majority of  experiments,  particles of  collodion coated  with  protein  were 
employed.  The  method  of  coating,  essentially  that  recommended  by  Moyer  and 
Gorin (9), was as follows: About 0.1 cc. of graded sedimented particles was suspended 
in 1 cc. of a solution containing 3 to 5 per cent of the protein material to be adsorbed. 
Mter storage overnight in the cold, the suspension was diluted to 15 to 20 cc. with 0.01 
lithium veronal solution and centrifuged in  the angle machine.  Finally, the sedi- 
mented coated particles were resuspended in 20 cc.  of 0.01  ~  lithium veronal buffer 
solution and centrifuged at 3000  R.P.~. for 15 minutes in order to remove aggregates. 
Preparations  of purified S antigen  of vaccinia obtained from  dermal filtrate by  the 
technique of Parker and Rivers (10) and normal rabbit serum were the types of protein 
used to coat the particles.  The presence of S antigen on the surface of collodion par- 
ticles treated in such a manner was demonstrated by their agglutinability  with S antibody. 
Glass Particles.--Finely  powdered pyrex glass was suspended in water and ground 
in a  glass mill with steel balls for several hours  (11).  The particles remaining in sus- 
pension after standing for a  period of several days, were decanted and  treated with 
hydrochloric acid to  remove ferrous material.  Following this  they  were washed by 
differential centrifugation in  the  manner  employed for  purifying elementary bodies. 
The final suspension of graded glass particles had  approximately the opacity of stock 
suspensions  of virus. 
Electrophoretlc Method.--The  suspensions  of particles were  dialyzed in  cellophane 
sacks against cold 0.01 ~  lithium veronal buffer, pH 7.9, for 24 hours in preparation for 
the electrophoretic experiments.  Buffer solutions with a salt concentration greater than 
0.01 M are generally employed in electrophoretic experiments of this type but were not 
used here because of the rapid agglutination of elementary bodies suspended in them. 
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trifugation at 3000 R.P.M. for 15 minutes.  Electrophoretic experiments were terminated 
after 1 to 2 hours.  A current of about 2.5 milliamperes  was employed throughout the 
work. 
EXPERIMENTAL 
Observations  on  Washed Elementary  Bodies.--Suspensions  of  elementary 
bodies  of  vaccinia  were  studied  under  a  number  of  different  conditions. 
The mobility of the  single  boundary which  was  obtained  in  all  cases was 
FIG. 1.  Photographs of electrophoretic boundaries of elementary bodies of vaccinia. 
(a)  Boundaries obtained with a dilute suspension  of washed  virus showing marked 
streaming. 
(b)  Boundaries obtained with  a  concentrated suspension  of washed  virus showing 
little streaming. 
(c)  Boundaries obtained with a  dilute suspension  of washed  virus in the presence 
of added soluble  protein showing no streaming. 
Rising  and  descending  boundaries  are  indicated  by  the  arrows.  0.01 M lithium 
veronal buffer, pH 7.9, and a current of 2.5 milliamperes were used in each experiment. 
consistently around 10  X  10  -5 cm./sec, per volt/cm.  (anodic), which agrees 
completely with  McFarlane's  (1)  observations. 
A significant difference in the shape of the moving boundary was obtained 
by varying the concentration of virus.  This is shown in Figs.  1 a  and  1 b. 
In  these figures the  arrows  indicate  the  direction  of the negative  current. 
Marked  streaming  at  the  boundary  was  invariably  obtained  when  dilute 
suspensions  of  virus  (approximately 0.2  per  cent)  were  electrolyzed.  On 
the other hand,  streaming did  not occur to a  comparable degree when the 
concentration  of virus  was  increased  to 0.5  per  cent  or  more.  However, 
the mobility of the  elementary bodies was unchanged by such variations in 
concentration.  Moreover, the mobility remained essentially unaltered after 
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resuspended after drying; resuspended after extraction with  ether in  the 
dry state; stored in 10 per cent normal rabbit serum for 24 hours and then 
washed; and, finally, treated with a  1 per cent solution of S antigen and 
washed.  The  values  for  the  mobilities  found  in  these  experiments  are 
listed in Table I. 
In contrast to the observations just mentioned, mobility of virus prepara- 
tions, but not the shape of the boundary, was significantly altered by treat- 
ment with  0.5  per  cent duponol  1 (a  sulfated alcohol detergent).  In  one 
experiment,  after  contact for  3  hours  and  subsequent  washing,  the  rate 
was 13 ×  10  .6 cm./sec, per volt/cm. ; and in a similar experiment with longer 
contact, 18 hours, the mobility was 18  X  10  .6 cm./sec, per volt/cm.  This 
concentration  of  duponol profoundly affected the  virus  (12).  Inactiva- 
tion  of  the  washed  virus  was  almost  complete  within  a  few  minutes. 
Moreover,  protein  and  phosphorus  containing  materials  associated  with 
the elementary bodies were liberated into  solution  by  such  a  concentra- 
tion of the agent.  Although these deep seated alterations in the virus were 
demonstrable, the elementary bodies still stained jet black with Morosow's 
silver stain and could be sedimented, in part at least, in the angle centrifuge. 
Preparations  of  the  heat-labile  and  heat-stable  soluble  antigens  of  vac- 
cinia--antigens which appear  to be present on  the surface of elementary 
bodies  (5)--were also  affected by  treatment with  duponol since they no 
longer precipitated with their specific antibodies.  The labile  antigen lost 
its precipitability almost immediately while the stable antigen was affected 
more slowly, several hours being required.  A summary of the data obtained 
in  these  experiments on  mobility of elementary bodies  is  also  presented 
in Table I. 
Observations  on  Washed  Collodion  Particles.--Collodion  particles  coated 
with different proteins have been employed in electrophoretic experiments 
by Moyer (13) who observed the rate of mobility of individual particles by 
microscopic methods.  It has been found (4)  that the electric mobility of 
particles is determined principally by the nature of the surface, and to a 
much smaller extent by the shape and size of the particles.  Furthermore, 
not only the character of the coating material but also the extent of coating 
is of importance (14). 
The  shape  of the moving boundary of untreated collodion particles as 
well as that of coated particles in the Tiselius cell was found to be the same 
as that of elementary bodies of vaccinia under comparable conditions.  A 
dilute suspension of collodion particles having about the same opacity as a 
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stock  suspension  of  virus  showed marked  streaming,  whereas  with  sus- 
pensions  10  to  20  times  more  concentrated  the  disturbance  was  largely 
eliminated. 
TABLE  I 
Electrophoretic  Mobilit~s  at  ~C. 
Material 
Elementary bodies of vaccinia 
Collodion particles 
Glass particles 
S antigen 
Rabbit serum 
Albumin 
a  globulin 
globulin 
Treatment 
Stock suspension 
Dried 
"  ether-extracted 
Heated 
S antigen 
Rabbit serum 
Excess of S antigen 
"  "  rabbit serum 
Duponol, 0.5 per cent for  3 hrs. 
"  0.5  "  "  "  18  " 
Uncoated 
Coated with rabbit serum 
"  "  S antigen 
"  "  excess S antigen 
"  "  "  rabbit serum 
"  "  rabbit serum 
Mobility, U, in 
cra./see, per 
volt/cm. 
10.5  X  10  -5 
10.8  " 
10.8  " 
11.0  " 
10.2  " 
10.7  " 
10.1  " 
6.7  " 
13.5  " 
18.7  " 
23.2  " 
13.0  " 
10.0  " 
11.0  " 
7.3  " 
8.1  " 
9.6  " 
8.6  ~ 
5.2  " 
0.7  " 
All the  determinations were made in 0.01  M lithium veronal buffer solution, at  pH 
7.9.  Elementary  bodies  and  collodion  particles  were  washed  after  treatment  unless 
studied in the presence of excess proteins.  In the latter instance the concentration of 
protein in final mixtures was 1.0  to  1.5  mg. per cc. 
The mobility of uncoated particles differed greatly from those that had 
been  treated  with  normal  rabbit  serum  or with  purified  solutions of the 
heat-stable  soluble  antigen  of vaccinia.  Values for the mobilities in  the 
three types of suspension were 23 X  10  -5, 13 X  10  -5, and 10 ×  10  -~ cm./sec. 
per volt./cm., respectively. 
Observations  on Pyrex Particles.--One experiment was made with a  sus- 
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of virus.  The preparation had been treated with normal rabbit serum and 
subsequently washed.  A marked disturbance of the boundaries similar to 
that observed with suspensions of elementary bodies and of collodion was 
found.  The  mobility  in  this  case  was  roughly  8  X  10  -5  cm./sec,  per 
volt/cm. 
Observations  on  Electrophoresis  of  Particles  in  the  Presence  of  Soluble 
Protein.--Electrophoretic  experiments were performed on solutions of nor- 
mal rabbit  serum and  of S antigen of vaccinia in 0.01  •  lithium veronal 
buffer solution at pH 7.9.  The mobility values for the albumin and the two 
globulins in normal rabbit  serum and for the S substance of vaccinia are 
listed in Table  I.  Although the mobility thus found for S  antigen is in 
good agreement with the corresponding values for particles coated with this 
substance and resuspended in buffer solution after washing, such agreement 
is lacking in  the  analogous case with rabbit  serum.  Thus,  the mobility 
of elementary bodies treated with rabbit serum was 10.7 ×  10  -5 cm./sec. 
per volt/cm.,  that  for collodion was  13.0  ×  10  -5  cm./sec, per  volt/cm., 
while glass particles  moved with  a  mobility of 8.1  ×  10  -5  cm./sec, per 
volt/cm.  The last value agrees with the mobility of the fastest component 
in rabbit serum, namely, that of albumin, 8.0  ×  10  -5 cm./sec, per volt/cm. 
On the other hand, both elementary bodies and collodion particles which 
had been treated with serum moved at significantly faster rates.  It will 
be recalled that both uncoated collodion particles and elementary bodies 
which had been treated with duponol (a procedure which might be expected 
to disrupt and remove surface constituents) moved at considerably greater 
rates than did coated particles.  It seemed likely, therefore, that the dif- 
ference between the mobility of particles  treated with rabbit  serum and 
washed, and the mobility of any component of rabbit  serum in  the same 
solvent might have been due to incomplete coating of the particles with 
one or more of the components.  Indeed, there was a serious doubt whether 
the elementary bodies adsorbed any component of normal serum, since the 
mobility was unchanged by the treatment. 
Additional experiments were, therefore, made on elementary bodies and 
collodion particles  in  the presence  of excess rabbit  serum  and  of excess 
S antigen, i.e., in buffer solutions containing the materials in concentration 
of 1.0 to 1.5 mg. per cc.  The results obtained are listed in Table I. 
It was found that elementary bodies in  the presence of an excess of S 
antigen  moved at  their  regular  rates, in  the neighborhood of 10  ×  10  -5 
cm./sec, per volt/cm., and that collodion particles under these conditions 
also moved at approximately the same rate.  This indicated that the wash- 
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presence of excess rabbit serum the values obtained were  U  =  6.7  ×  10  -5 
cm./sec, per volt/cm, for virus and  U  =  7.3  ×  10  -5 cm./sec, per volt/cm. 
for collodion.  The fact that the values were somewhat less than that found 
for  rabbit  albumin  (U =  8.0 X  10  -5) may have been due to  the  admixture 
of a  small amount of one of the globulin constituents on the surface of the 
particles.  A  comparison  of  these  values  with  the  corresponding  ones 
obtained with material that had been washed after treatment made it evi- 
dent  that  rabbit  serum  proteins  are  removed,  in  part  at  least,  from  ele- 
mentary bodies and  collodion particles by a  single washing.  Evidence of 
another type was available which indicated that collodion particles retained 
less protein when treated with rabbit serum and subsequently washed than 
they did when treated with S antigen.  It will be recalled that the essential 
procedure in  Morosow's staining  technique  consists in  coating the  surface 
of the  material  to be stained  with  a  mordant  containing  tannic  acid  and 
phenol and then in precipitating and reducing a silver salt on this mordant. 
Uncoated  collodion particles  were not  successfully stained  by Morosow's 
technique,  particles  coated with  rabbit  protein  stained  light  brown while 
particles  coated  with  S  antigen  could  be  stained  black  (like  elementary 
bodies).  This was interpreted to mean that less protein capable of binding 
the  mordant  remained  on  collodion particles  coated  with  serum  than  on 
those coated with S antigen. 
A striking difference in behavior of the boundaries of both virus and col- 
lodion particles  was observed in  the presence of excess protein.  In  these 
experiments  the  concentration  of  suspended  particles  was  relatively low, 
viz.,  about  that  of  stock  suspensions  of  elementary  bodies.  It  will  be 
recalled  that  in  former  experiments  with  such  dilute  suspensions  serious 
disturbances  of boundaries were always encountered.  Such disturbances, 
however, were no longer observed with either elementary bodies or collodion 
particles when an appreciable concentration  of soluble protein was present 
in the buffer solution (see Fig.  1 c).  This fact makes it possible to provide 
a rational explanation for the nature of the boundary disturbance mentioned 
above.  When there is present a soluble component which moves at approxi- 
mately the  same rate  as that  of suspended particles,  a  density gradient  is 
maintained  along  with  the  particle  boundary.  The  maintenance  of  this 
density gradient  tends to oppose disturbances resulting  from slight endos- 
motic  effects.  When  the  density  gradient  is  of  insufficient  degree,  even 
slight endosmotic streaming may proceed unchecked and result in marked 
disturbance  of  the  boundaries.  In  Fig.  2  is  shown  a  schlieren  scanning 
photograph  of  a  moving  boundary  of  a  suspension  of elementary  bodies 
in  the  presence  of  excess  S  antigen.  It  will  be  noted  that  the  opacity 518  ELECTROPHORESIS  OF  VACCINE  VIRUS 
boundary,  O,  is  closely accompanied  by  the  density  gradient  (refractive 
index gradient) boundary, D, which corresponds to one of the soluble migrat- 
ing  components.  It  should  be  emphasized  that  the  elimination  of  the 
streaming  artifact  is  only  achieved  when  a  density gradient  of sufficient 
magnitude moves along with the boundary.  Sucrose was used in an experi- 
ment to establish an initial  density gradient  at the particle  boundary, but 
was found  to be  valueless in  eliminating  the  streaming  artifact.  In  this 
case, however,  the  sucrose boundary was soon left behind  by the moving 
particles.  It  may be mentioned  that  highly  concentrated  suspensions  of 
virus  or  coated  collodion  particles  may  in  themselves  provide  a  density 
gradient  at  the  boundary  which  is  sufficiently  great  to  minimize  appre- 
ciably the streaming effect. 
FIG. 2.  Schlieren scanning photograph  of a  boundary  obtained  with  washed ele- 
mentary  bodies of vaccinia suspended in a solution containing the heat-stable  soluble 
antigen of vaccinia.  The virus (opacity) boundary, O, accompanies the protein (density) 
boundary,  D. 
DISCUSSION 
Our  studies indicate  that  suspensions  of elementary bodies of  vaccinia 
and  of  other  particles  of  the  same  order  of  magnitude  display  marked 
streaming  artifacts  in  the  Tiselius  cell  when  their  concentration  is  low 
(in the range of 0.2 per cent by weight), that the streaming effects diminish 
as the concentration of particles is increased, and that the effects are elimi- 
nated when a moving boundary of soluble protein accompanies  the particle 
boundary. 
Suspensions of elementary bodies of vaccinia have but one moving bound- 
ary in the electrical field and this has a mobility of about 10 ×  l0  -5 cm./sec. 
per  volt/cm.  Collodion  particles  coated  with  the  S  antigen  of  vaccinia 
behave in a manner identical with that of elementary bodies when observed 
under  similar  conditions  in  the  Tiselius  apparatus;  but when  coated with 
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rate.  Since electrophoretic behavior is primarily dependent on the surface 
charge, one can assume that the surface of elementary bodies is composed 
of a  substance or substances which carry the same charge as that of the 
heat-stable  soluble  antigen  of vaccinia.  On  the  basis  of electrophoretic 
evidence, one might suppose that the virus particle is almost completely 
coated  with  S  antigen.  Such a  hypothesis would have  two  supporting 
facts.  In the first place, immunological evidence indicates that S antigen 
is present on the surface of elementary bodies since they are agglutinated 
by S antibodies (5),  and, secondly, a substance serologically indistinguish- 
able from S antigen has been extracted from preparations of elementary 
bodies in  quantities sufficient  (15)  to  provide the virus particle  with at 
least one complete monolayer of this antigen.  Against such a  hypothesis 
would be the necessity of allotting some space on the surface of the ele- 
mentary bodies for other antigens, notably the heat-labile antigen and the 
X  antigens  (16).  This objection, however, may be more apparent than 
real, since inactivation of the labile antigen on elementary bodies by heat 
did not change the mobility of the suspension.  Thus, one is led to believe 
either that the charge of the labile antigen is affected only slightly by heat 
and is still indistinguishable from the charge of S antigen, or that the labile 
determining group of the antigen contributes an insignificant part to the 
charge on the surface of the body.  Further studies on the nature of other 
antigens of vaccinia may throw light on the problem. 
It  would appear  from  electrophoretic studies that  the  surface  of  the 
elementary body is not permanently altered by drying and by extraction 
with ether, which agrees with previous observations (1); nor is it affected 
by heating.  Ether extraction has been shown to remove cholesterol quan- 
titatively from dry virus without reducing its infectivity (17, 6).  It cannot 
be stated at this time whether the cholesterol which constitutes about 1.5 
per cent of the dry weight of our preparations (6)  is irregularly adsorbed 
on the surface of the elementary bodies or whether it is an impurity unasso- 
ciated with the virus particle.  At any rate it seems to play an inconse- 
quential r61e in the charge of the surface mosaic of the elementary body. 
On the other hand, the detergent duponol which is known to denature pro- 
teins (18) and which produces serious changes in the virus and the soluble 
antigens  of  vaccinia,  altered  the  surface  of  the  elementary body  con- 
siderably, inasmuch as the rate of migration of the body was affected. 
SUMMARY 
Electrophoretic studies were made on vaccine virus, collodion particles, 
and glass particles suspended in 0.01  molar buffer solutions at pH 7.9, in 
which  the  moving boundary  method  was  used.  In  some  experiments, 520  ELECTROPHORESIS OF  VACCINE VIRUS 
uncoated particles were used; in others, particles were coated with proteins 
and then resuspended in the buffer solution after a washing; in still others, 
an excess of protein which had been used to coat the particles was included 
in the buffer medium. 
Streaming boundaries were obtained with all dilute suspensions of par- 
ticles in  solutions containing no  soluble protein instead of the flat  ones 
usually  observed  with  the  Tiselius  moving  boundary  technique.  This 
boundary  artifact  was  suppressed by maintaining a  density gradient of 
sufficient magnitude in  association  with the  moving boundary to  coun- 
teract the tendency of  endosmotic flow.  This  was done partially by in- 
creasing the concentration of the particles in the suspensions, and almost 
completely by retaining an excess of soluble-coating substance in the solu- 
tions containing the particles. 
The mobility of elementary bodies of vaccinia corresponds to that found 
for  the heat-stable  (S)  antigen.  This value was not altered  by  drying, 
heating, ether extraction, or simple washing, but was materially increased 
by treatment with the surface active detergent (duponol) which presumably 
altered the nature of the surface of the virus particles. 
Collodion particles coated with the heat-stable antigen of vaccinia had 
the same mobility as elementary bodies under comparable conditions. 
Glass particles coated with normal rabbit  serum moved  at the rate  of 
albumin, the fastest serum component in the buffer solutions used.  How- 
ever, both collodion particles and vaccine virus moved at a somewhat slower 
rate when they were similarly coated and measured in the presence of an 
excess of serum in the solutions.  This was probably due to adsorption of a 
small amount of one of the slower  components (globulin) of rabbit serum 
on the surface of the particles.  Simple washing after treatment seemed to 
remove the coating of serum proteins, at least in part, from both collodion 
particles and elementary bodies of vaccinia. 
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